Abstract. Sepsis causes many early deaths; both macrophage mitochondrial damage and oxidative stress responses are key factors in its pathogenesis. Although the exact mechanisms responsible for sepsis-induced mitochondrial damage are unknown, the nuclear transcription factor, interferon regulatory factor-1 (IRF-1) has been reported to cause mitochondrial damage in several diseases. Previously, we reported that in addition to promoting systemic inflammation, IRF-1 promoted the apoptosis of and inhibited autophagy in macrophages. In the present study, we hypothesized that lipopolysaccharide (LPS)-induced IRF-1 activation in macrophages may promote mitochondrial damage and oxidative stress. In vitro, LPS was found to promote IRF-1 activation, reactive oxygen species (ROS) production, adenosine triphosphate (ATP) depletion, superoxide dismutase (SOD) consumption, malondialdehyde (MDA) accumulation and mitochondrial depolarization in macrophages in a time-and dose-dependent manner. These effects were abrogated in cells in which IRF-1 was knocked down. Furthermore, IRF-1 overexpression increased LPS-induced oxidative stress responses and mitochondrial damage. In vivo, peritoneal macrophages obtained from IRF-1 knockout (KO) mice produced less ROS and had less mitochondrial depolarization and damage following the administration of LPS, when compared to their wildtype (WT) counterparts. In addition, IRF-1 KO mice exhibited a decreased release of mitochondrial DNA (mtDNA) following the administration of LPS. Thus, IRF-1 may be a critical factor in augmenting LPS-induced oxidative stress and mitochondrial damage in macrophages.
Introduction
Sepsis, caused by severe infections, burns and trauma, remains a leading cause of mortality worldwide. In the US, the mortality rate due to sepsis is as high as 50% and is increasing at a rate of 1.5% per year. Thus, approximately 200,000 individuals die from sepsis each year, and health care costs associated with this exceed $16 billion annually (1, 2) . In China, severe sepsis has a mortality rate of 40.7% during the first 28 days, and health care costs are at 90,000 Yuan/patient (3) . Accordingly, further studies are required in order to obtain a better understanding of the pathophysiology of sepsis and available clinical treatment options.
Lipopolysaccharide (LPS)-induced endotoxemia mimics many features of septic shock (4) , including the persistent activation of systemic inflammatory responses, immune suppression, coagulation disorders and mitochondrial damage (2) . Macrophage mitochondrial structural damage and consequent oxidative stress responses are associated with apoptosis, energy metabolism fluctuations and systemic inflammatory responses; these all contribute to septic shock and multiple organ failure (5) .
Macrophages are the first line of defense against pathogens and are important regulators of innate and adaptive immune responses (6) . Macrophage mitochondrial dysfunction is responsible for changes in energy metabolism, the intrinsic apoptotic pathway, oxidative stress and systemic inflammatory responses. The association between the degree of macrophage mitochondrial dysfunction and deleterious outcomes has been documented; inflammatory factors, free radicals, calcium overload, adenosine triphosphate (ATP)-sensitive potassium channel perturbations and respiratory chain complex damage are responsible for the noted mitochondrial damage during endotoxemia (7) . However, the upstream signaling that mediates these molecular events leading to mitochondrial dysfunction is poorly understood.
Interferon regulatory factor-1 (IRF-1) is an important nuclear transcription factor with various biological functions, including the promotion of systemic inflammatory responses and apoptosis, the regulation of the development and differentiation of immune cells, and the inhibition of cell proliferation (8) . IRF-1 was first recognized for regulating type I interferon production, and it has been indicated that IRF-1 can promote the transcription of diverse inflammatory factors, such as interleukin (IL)-6, IL-12 and IL-18 (9) . IRF-1 has also been shown to be involved in LPS-induced multiple organ damage and death. IRF-1 can also promote the release of numerous inflammatory factors, including the early inflammatory cytokines tumor necrosis factor-α (TNF-α) and interferon-γ (IFN-γ), as well as the late inflammatory danger signal, high mobility group box 1 (HMGB1) (10, 11) . We have previously demonstrated that IRF-1 inhibited the autophagy responses of immune cells, such as macrophages and splenocytes (12, 13) . Since autophagy is important for mitochondrial quality control and the maintenance of mitochondrial homeostasis (14-16), we hypothesized that IRF-1 activation may disrupt mitochondrial homeostasis.
IRF-1 activation may also directly damage mitochondria in both primary cells and cancer cell lines. Mitochondrial membrane permeability increases and cytochrome c is released in gastric cancer cells overexpressing IRF-1 (17) . IRF-1 gene knockout can alleviate LPS/D-GalN-induced hepatocellular mitochondrial damage and reduce intrinsic apoptosis (18) . However, whether IRF-1 participates in LPS-induced macrophage mitochondrial damage and oxidative stress remains unknown. We previously reported that IRF-1-mediated immune cell apoptosis and autophagy plays an important role in LPS-induced multiple organ failure and death (12, 13) . In this study, we report a novel role for IRF-1 in LPS-induced oxidative stress responses and mitochondrial structural damage in macrophages.
Materials and methods
Animals. IRF-1 knockout (KO; n=48) and matched C57BL/6J wild-type (WT; n=48) (8-10 weeks of age, male, 25-30 g) mice were purchased from the Jackson Laboratory (Bar Harbor, ME, USA). Animals were maintained in a specific pathogen-free, laminar-flow housing apparatus under controlled temperature, humidity and a 12 h light/dark regimen. The Animal Care and Use Committee of the Central South University approved all animal protocols. All experiments were conducted in accordance with the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals.
In vivo experimental design. The mice were randomly assigned to 4 groups (n=8 in each) as follows: WT + phosphate-buffered saline (PBS), WT + LPS, IRF-1 KO + PBS and IRF-1 KO + LPS groups. The mice in the LPS groups were administered LPS (Escherichia coli 0111:B4) (Sigma-Aldrich, St. Louis, MO, USA) (20 mg/kg, i.p.). The mice in the PBS groups received treatment with sterilized PBS. At 16 h after the administration of PBS or LPS, the mice were anesthetized with chloral hydrate (400 mg/kg). Blood samples and peritoneal macrophages were collected and the mice were sacrificed.
Isolation of peritoneal macrophages. Mouse abdomens were washed with 70% ethanol and a lateral incision was made with scissors along the bottom midline of the peritoneum. With forceps, abdominal skin was retracted to expose the transparent peritoneal skin. Subsequently, 5 ml syringes were attached to 20 G needles and 3 ml of cold RPMI-1640 cell culture medium was injected into the peritoneal cavity of each mouse. The peritoneal cavity was massaged and peritoneal fluid was carefully aspirated and placed into 15 ml centrifuge tubes (19) . This was repeated for 3 treatments and the samples were centrifuged for 10 min at 300 x g. The supernatant was discarded and the cell pellet was resuspended in RPMI-1640 cell culture medium.
Cell culture and treatment. Murine monocyte/macrophage-like cells (RAW264.7; 10 6 cells; American Type Culture Collection, Manassas, VA, USA) were cultured in RPMI-1640 cell culture medium, supplemented with 10% FBS, 50 U/ml penicillin, and 50 µg/ml streptomycin (Gibco, Grand Island, NY, USA) in 6 cm culture plates. The cells were stimulated with LPS at various concentrations (0, 10, 100, 500 and 1,000 ng/ml) for different periods of time (0, 1, 2, 4, 8 and 16 h).
Stable transfection of RAW264.7 cells for overexpression or knockdown of IRF-1. Lentiviral constructs expressing shRNA directed against mouse IRF-1 mRNA were custom-manufactured (Hanyin, Shanghai, China). shRNA sequences were as follows: IRF-1 shRNA, 5'-GCACTAAATGAGTCCTAT TCC-3' , and non-specific shRNA, 5'-TTCTCCGAACGTGTCA CGT-3' . The lentiviral constructs expressing mouse IRF-1 were also manufactured by the same vendor (Hanyin). IRF-1 cDNA was obtained from a commercially available source (National Center for Biotechnology Information, Bethesda, MD, USA). All lentiviral vectors were purified to a titer of 1x10 9 TU/ml. The constructs were transfected into the cells at a multiplicity of infection (MOI) of 20:1 using 5 µg/ml Polybrene in RPMI-1640 cell culture medium. At 4 h after transfection, the medium was exchanged, and the cells were cultured for an additional 48 h. The effects of IRF-1 knockdown and overexpression were measured by western blot analysis.
Nuclear protein extraction and western blot analysis.
The collected cells were centrifuged at 300 x g for 5 min at 4˚C The pellets were then resuspended on ice with cytoplasmic extraction reagent (Vazyme, Nanjing, China) combined with protease inhibitor and mixed for 10 min, and centrifuged at 16,000 x g for 5 min at 4˚C to obtain protein. For nuclear protein isolation, the cell pellet was lysed with nuclear extraction reagent (Vazyme) plus protease inhibitor mix.
Protein concentrations were determined by a BCA protein assay kit (Beyotime, Haimen, China), and 40 mg protein per sample were mixed with sample loading buffer and boiled at 96˚C for 5 min. The samples were then separated using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto polyvinylidene fluoride (PVDF) membranes (Millipore, Billerica, MA, USA). After blocking with 5% non-fat milk in 10 mM Tris-buffered saline (pH 7.5) with 0.1% Tween-20 (TBS-T) for 1 h at room temperature, the membranes were incubated overnight at 4˚C with primary antibodies against rabbit monoclonal antibody of IRF-1 (1:1,000; Cat. no. 8478) and Histone H3 (1:2,000; Cat. no. 4499) (Cell Signaling Technology, Beverly, MA, USA). After 3 washes in TBS-T, the membranes were incubated with secondary antibody conjugated with horseradish peroxidase (HRP) at room temperature for 1 h. After 3 washes, the blots were developed with electrochemiluminescence (ECL) (Beyotime) and visualized with a ChemiDoc MP imaging system (Bio-Rad Laboratories, Berkeley, CA, USA). Band density was quantified using ImageJ software version 1.49 (National Institutes of Health, Bethesda, MD, USA).
Detection of mitochondrial transmembrane potential and reactive oxygen species (ROS).
Mitochondrial transmembrane potential was assessed using the sensitive fluorescent probe, 5,5' ,6,6'-tetrachloro-1,1' ,3,3'-tetraethyl-benzimidazolylcarbocyanine iodide (JC-1) (Invitrogen, Carlsbad, CA, USA). Red emission from the dye is attributed to a potential-dependent aggregation of JC-1 in the mitochondria. Green fluorescence reflects the monomeric form of JC-1, appearing in the cytoplasm after mitochondrial membrane depolarization. The cells were seeded at 3x10 5 cells/well into 6-well plates and incubated overnight at 37˚C in a carbon dioxide incubator. The cells were then washed with PBS and trypsinized, resuspended in 2 mM of JC-1 at 37˚C for 30 min. The cells were washed 3 times with PBS, resuspended in 500 µl PBS, and then analyzed immediately with a BD FACSCanto II flow cytometer (BD Biosciences, San Jose, CA, USA).
The collected cells were resuspended in 5 µM 2,7-dichlorofluorescin diacetate (DCFH-DA) (Sigma-Aldrich, St. Louis, MO, USA) staining solution at 37˚C for 25 min. Cell suspensions were mixed by inversion every 5 min, making full contact with the probe. The cells were then washed 3 times with PBS to remove DCFH-DA that did not enter the cell. Fluorescence intensity was measured by flow cytometry, as previously described (20) .
Transmission electron microscopy (TEM).
The cells were fixed in cold 2.5% glutaraldehyde in PBS and post-fixed in 1% osmium tetroxide with 0.1% potassium ferricyanide, dehydrated through a graded series of ethanol (30-90%) and embedded in Epon. The Epon blocks were then sectioned. Ultrathin sections (65 nm) were stained with 2% uranyl acetate and Reynolds lead citrate. The sections were examined under a H-7500 TEM (Hitachi, Tokyo, Japan) by an electron microscopy specialist from the Electron Microscopy Laboratory of Central South University.
Biochemical analysis of intracellular ATP, superoxide dismutase (SOD) and malondialdehyde (MDA).
The cells were seeded at 3x10 5 cells/well into 6-well plates and incubated overnight at 37˚C in a carbon dioxide incubator and stimulated with LPS (500 ng/ml, 16 h). The cells were then washed with PBS and trypsinized, resuspended in PBS and lysed on ice by sonication (Sonics Inc., Qingdao, China) at 100% amplitude (10x, 30 sec each with 30 sec intervals). Biochemical analysis of MDA, SOD and ATP was carried out using respective kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) following the manufacture's instructions.
Purification of circulating DNA and quantitative PCR (qPCR).
Circulating DNA was isolated from plasma with an EZNA circulating DNA kit (Omega Bio-Tek, Norcross, GA, USA) following manufacturer's instructions. The concentrations of DNA were assessed using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Ratios of A260/A280 ranged from 1.9-2.1.
Relative mitochondrial DNA was measured by qPCR using SYBR-Green PCR Master Mix (GeneCopoeia, Guangzhou, China). Reactions were carried out in a 20 µl final volume, containing 0.2 µM of each forward and reverse primer, 20 ng DNA sample, and 10 µl SYBR-Green PCR Master Mix. Amplification was performed with an Applied Biosystems 7300 Real-Time PCR machine (Life Technologies, Carlsbad, CA, USA) under the thermal profile of 95̊C for 10 min followed by 40 cycles at 95̊C for 15 sec, 60̊C for 20 sec and 72̊C for 20 sec. Samples that produced no PCR products after 40 cycles were considered 'undetectable'. The threshold cycle (Ct) was obtained from triplicate samples and averaged.
mtDNA copies were calculated based on the 'ΔΔCt' method, using the equation R (ratio) = 2 -ΔΔCt , cytochrome c oxidase 1 (mtCOI) DNA standardized by the housekeeping gene, 18s RNA (encoding 18S ribosomal RNA). The following primers were used: mtCOI forward, 5'-GCCCCAGATATAG CATTCCC-3'; and reverse, 5'-GTTCATCCTGTTCCTGC TCC-3' and 18S RNA forward, 5'-TAGAGGGACAAGTGGCG TTC-3'; and reverse, 5'-CGCTGAGCCAGTCAGTGT-3' (21). Sequence data were analyzed using Blast nucleic acid database searches from the National Centre for Biotechnology Information, and had no significant homology with DNA found in any bacterial species.
Statistical analyses. All data are expressed as the means ± SEM. Significant differences within groups were analyzed with repeated measures ANOVA followed by an LSD test and significant differences between groups were assessed with one-way ANOVA (a value of p<0.05 was considered to indicate a statistically significant difference). All calculations and statistical analyses were performed using SPSS software for Windows (version 17.0).
Results

LPS induces IRF-1 activation in a time-and dose-dependent manner in RAW264.7 cells.
IRF-1 is a key regulator of immunity and plays an important role in the progression of endotoxemia (9) . In order to investigate the expression pattern of IRF-1, the RAW264.7 cells were stimulated with LPS at various concentrations and durations as described in the Materials and methods. Western blot analysis confirmed that IRF-1 nuclear protein peaked at 8 h after LPS stimulation (Fig. 1A) , and LPS induced the peak activation of nuclear IRF-1 at 500 ng/ml (Fig. 1B) . Thus, LPS induced IRF-1 activation in the RAW264.7 cells in a time-and dose-dependent manner.
LPS induces mitochondrial damage and ROS production was time-and dose-dependent.
It has been clearly described that mitochondrial damage and ROS production are very important in the pathophysiology of sepsis (22) . In this study, we stimulated the RAW264.7 cells with LPS (10-500 ng/ ml) for 2-16 h. Mitochondrial membrane depolarization and ROS production were measured by JC-1 or DCFH-DA flow cytometry. Mitochondrial depolarization increased after LPS stimulation in a time-( Fig. 2A) and dose-dependent (Fig. 2B) manner. LPS also induced ROS production in a time- (Fig. 2C ) and dose-dependent (Fig. 2D) manner.
LPS induces ATP depletion, SOD consumption and MDA accumulation in RAW264.7 cells.
As previously indicated, LPS-induced oxidative stress responses are associated with apoptosis, energy metabolism fluctuations and systemic inflammation responses, all of which contribute to septic shock and multiple organ failure (5) . In this study, we found that LPS stimulation induced ATP depletion (Fig. 3A) , SOD consumption ( Fig. 3B ) and MDA accumulation (Fig. 3C) in the RAW264.7 cells in both a time-and dose-dependent manner.
IRF-1 leads to mitochondrial damage both in vivo and in vitro.
To determine the role of IRF-1 in LPS-induced mitochondrial damage and ROS production in macrophages, the effects of the stable overexpression or knockdown of IRF-1 in murine RAW264.7 macrophage cells were assessed by western blot analysis (data not shown). IRF-1 KO and WT mice were administered LPS (20 mg/kg) and peritoneal macrophages were evaluated for mitochondrial depolarization by flow cytometry, mitochondrial structure damage by TEM and plasma mitochondrial DNA by qPCR. Mitochondrial depolarization was exacerbated in the cells overexpressing IRF-1 (Fig. 4A ) and was attenuated in the cells in which IRF-1 was knocked down (Fig. 4A) . Following the LPS injection, peritoneal macrophages from the IRF-1 KO mice demonstrated decreased mitochondrial depolarization (Fig. 4B) . In addition, mitochondrial structural damage was exacerbated in IRF-1-overexpressing cells (Fig. 4C) , and the damage was attenuated in the cells in which IRF-1 was knocked down (Fig. 4C) . The LPS-induced mitochondrial structural damage in the peritoneal macrophages was also diminished in the IRF-1 KO mice (Fig. 4D) . Furthermore, IRF-1 KO significantly reduced circulating mitochondrial DNA release in vivo (Fig. 4E) .
IRF-1 leads to oxidative stress in macrophages.
Since oxidative stress is a crucial component of sepsis (22), we assessed the role of IRF-1 in LPS-induced oxidative stress by measuring the levels of ROS, ATP, SOD and MDA. ROS production was increased in the IRF-1-overexpressing cells and was reduced in the cells which IRF-1 was knocked down (Fig. 5A ). In addition, LPS-induced ROS production in the peritoneal macrophages was significantly decreased in the IRF-1 KO mice (Fig. 5B) . IRF-1 overexpression further enhanced ATP depletion, while IRF-1 knockdown attenuated ATP depletion (Fig. 5C) . Furthermore, although SOD consumption was reduced in the cells in which IRF-1 was knocked down, there was no apparent difference in the IRF-1-overexpressing cells (Fig. 5D) . By contrast, IRF-1 overexpression increased the LPS-induced MDA accumulation; however, the difference in the cells in which IRF-1 was knocked down was not significant (Fig. 5E ).
Discussion
Despite improvements in antibiotic therapies and critical care techniques, sepsis remains a fatal syndrome due to the lack of effective and targeted interventions. The life-threatening effects of sepsis involve excessive formation of inflammatory cytokines, ROS and reactive nitrogen species (RNS), which lead to oxidative stress responses, mitochondrial dysfunction and organ failure (2, 23) . Since the mitochondria regulate vital cellular functions, including energy production, ROS and RNS generation, intrinsic apoptosis, stress and metabolic signals transduction, they are important to the pathogenesis of sepsis (24-26). Thus, attenuating mitochondrial damage and oxidative stress responses may be promising therapeutic targets for the treatment of sepsis.
Mitochondrial structural damage and dysfunction has been recognized as an important molecular pathology in sepsis and is linked to the severity of organ dysfunction and outcome of sepsis (27) . Peripheral blood mononuclear cells in septic patients have significant mitochondrial damage, and this is associated with the abundance of inflammatory cytokines. For patients with severe sepsis, mitochondrial functional deficiency is associated with clinical outcomes (28) . Macrophage mitochondrial damage is involved in the pathogenesis of sepsis through several mechanisms (5) . Specifically, mitochondrial damage-induced intrinsic apoptotic pathways cause macrophage apoptosis, leading to immunosuppression (29) . In addition, damaged mitochondria release mtDNA, which join forces with ROS, and also activates NALP3 IL-1 and IL-18, leading to caspase-1 processing and maturation in macrophages (30, 31) . Thus, the upstream signaling that mediates macrophage mitochondrial dysfunction may be a potential therapeutic target.
Mitochondria are membrane-bound organelles that maintain cellular energy production through oxidative phosphorylation. As the mitochondria are prone to damage during stress, mitochondrial dynamics are tightly controlled to maintain homeostasis (32) (33) (34) . Autophagy, through the identification and removal of damaged mitochondria, is an important mechanism of mitochondrial quality control to maintain homeostasis. Defects in autophagy lead to the delayed removal and heightened accumulation of damaged mitochondria in the cytoplasm, which then triggers oxidative stress, inflammation, apoptosis and other reactions (32, 33) . The presence of IRF-1 has been shown to be associated with less autophagy in both splenocytes and macrophages (12, 13) .
In this study, we reported that LPS promoted IRF-1 activation in macrophages in both a time-and dose-dependent manner. IRF-1 overexpression can lead to mitochondrial structural damage and oxidative stress responses, whereas IRF-1 knockdown or knockout is associated with less mitochondrial damage and oxidative stress, which may be explained by decreased autophagic responses and increased mitochondrial damage triggering intrinsic macrophage apoptosis.
The mechanisms underlying macrophage mitochondrial damage in during sepsis involve defects in energy production, apoptosis and the induction of inflammation (5) . Increased mitochondrial ROS during sepsis can inhibit oxidative phosphorylation and ATP generation, which unbalance energy metabolism and cause systemic inflammation and multiple Figure 5 . Interferon regulatory factor-1 (IRF-1) leads to oxidative stress in macrophages. RAW264.7 cells were transfected with IRF-1 shRNA, control lentivirus vector (NC shRNA), IRF-1 overexpression lentivirus (IRF-1 OE) and control lentivirus vector (OE NC). Then RAW264.7 cells were then stimulated with phosphate-buffered saline (PBS) or lipopolysaccharide (LPS) (500 ng/ml) for 16 h. (A) Reactive oxygen species (ROS) production was detected by flow cytometry. (B) IRF-1 KO and wild-type (WT) mice were treated with PBS or LPS (20 mg/kg) for 16 h. Peritoneal macrophages were isolated as previously described. ROS were detected by flow cytometer. Furthermore, RAW264.7 cells were stimulated with PBS or LPS (500 ng/ml) for 16 h. Intracellular (C) ATP, (D) superoxide dismutase (SOD), and (E) malondialdehyde (MDA) levels were assayed using commercial kits. * p<0.05 and # p>0.05, results are representative of 3 separate and independent experiments. organ failure (22, 35) . ROS can subsequently impair mitochondrial structures and halt mitochondrial biogenesis (36) (37) (38) . These events form a feedback loop, such that targeting IRF-1 may inhibit macrophage mitochondrial damage and ROS production, alleviate oxidative stress, and in turn improve endotoxemia outcomes.
A recent study implicated the mitochondria in the regulation of inflammation and mitochondrial derived danger-associated molecular patterns (DAMPs), including ROS, mtDNA, N-formyl peptides and cytochrome c (39) . During sepsis, damaged mitochondrial release mitochondrial DNA, a type of DAMP, through the TLR9 receptor, activating the MAPK signal transduction pathway. Following the tail vein injection of LPS, mitochondrial fragments containing mtDNA can be found to directly cause systemic inflammatory responses, acute lung injury, and neutrophil infiltration in the liver and kidney of the mice (39, 40) . In this study, we confirmed that circulating mtDNA release was decreased in IRF-1 KO mice; however, the role of mtDNA in IRF-1-induced systemic inflammatory responses remains unclear. Although the hallmarks of mitochondrial dysfunction, including oxidative stress and impaired ATP production, are evident in macrophages during endotoxemia, whether these processes cause or are a result of systemic inflammation is unknown. To study mitochondrial function in the setting of overwhelming systemic inflammation during endotoxemia may elucidate these specifics. We confirmed that IRF-1 is important to LPS-induced mitochondrial structural damage and oxidative stress response in macrophages and suggest that IRF-1 may be a potential therapeutic target in the treatment of endotoxemia.
